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Abstract 
Cold atmospheric-pressure plasmas in Ar+H2O gas mixtures are a promising alternative to He+H2O plasmas as 
both can produce reactive oxygen species of relevance for many applications and argon is cheaper than helium. 
Although He+H2O plasmas have been subject of multiple experimental and computational studies, Ar+H2O plasmas 
have received less attention. In this work we investigate the composition and chemical pathways in Ar+H2O plasmas 
by means of a global model that incorporates 57 species and 1228 chemical reactions. Water vapor concentrations 
from 1 ppm to saturation (32000 ppm) are considered in the study and abrupt transitions in power dissipation 
channels, species densities and chemical pathways are found when the water concentration increases from 100 to 
1000 ppm. In this region the plasma transitions from an electropositive discharge in which most power is coupled to 
electrons into an electronegative one in which most power is coupled to ions. While increasing electronegativity is 
also observed in He+H2O plasmas, in Ar+H2O plasmas the transition is more abrupt because Penning processes do 
not contribute to gas ionization and the changes in the electron energy distribution function and mean electron 
energy caused by the increasing water concentration result in electron-neutral excitation and ionization rates 
changing by many orders of magnitude in a relatively small range of water concentrations. Insights into the main 
chemical species and pathways governing the production and loss of electrons, O, OH, OH(A) and H2O2 are 
provided as part of the study. 
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1. Introduction: 
Cold atmospheric-pressure plasmas (CAPs) have shown 
promise in a wide-range of applications including 
environmental protection
[1-3]
, surface modification
[4-6] 
and 
biomedicine
[ 7 - 9 ]
. Although the detailed underlying 
mechanisms governing these plasmas remain not fully 
understood, it is widely accepted that plasma-generated 
reactive oxygen species (ROS), such as OH, O2
-
 and O, play 
a key role in most applications
[10,11]
.  
Water vapor is an efficient precursor for the production 
of these ROS in CAPs and therefore it is sometimes 
introduced in the feed gas
[12-14]
. For example, a water vapor 
concentration of ~1% is found to be optimum for the 
production efficacy of H2O2 in a radio frequency 
capacitively coupled He+H2O plasma
[15]
. Being able to tune 
and optimize the yield of ROS for different CAP 
applications is one of the reasons behind the growing 
research in water-containing plasmas in recent years
[16-18]
. 
Another reason is that water vapor is present in most CAP 
systems even if this is not actively introduced in the feed 
gas and therefore understanding the impact that the presence 
of water has on the performance of a CAP system is vital. 
For example, even high-purity industrial helium gas has 
water vapor in concentrations higher than 1 part per million 
(ppm)
[19]
. CAPs in open air contain typically water vapor in 
concentrations of ~1%
[20]
 due to the mixing of feed gases 
with humidity in the environment and this concentration 
increases to saturation (~3%) in CAPs generated inside or in 
contact with liquid water
[ 21 ]
. Considering that water in 
concentrations of just parts per million can influence the 
plasma composition
[22]
, water vapor in concentrations of a 
few percent are bound to be important.  
The chemistry in water-containing CAPs is complex and 
quantitative studies have proved to be very challenging. 
Dozens to hundreds of reactive species are normally 
generated in these CAPs but only a few of them can be 
readily measured with current diagnostic techniques
[10]
. 
Complementing experimental measurements, plasma 
modeling can provide additional insights into the 
physic-chemical mechanisms governing CAPs. Fluid 
models are most commonly used for the study of CAPs but 
for water-containing plasmas the computational load is so 
heavy that only a few fluid models with simplified 
chemistry sets have been reported in the literature
[23-25]
.  
In the past few years, global models have also been used 
to study CAPs
[22,26-28]
. These global models require less 
computational resources than fluid models due to the 
elimination of space dependences and hence they are 
well-suited for the study of complex plasma chemistry sets 
as those generated in water containing CAPs. Global 
models have successfully been used to identify key plasma 
species and to elucidate underlying chemical pathways in 
CAPS with complex plasma chemistry such as 
He+O2+H2O
[29]
 and Ar+humid air 
[30]
. 
Most studies of water containing CAPs use helium as a 
background gas. Helium has a good thermal conductivity 
and aids in keeping the gas temperature in the plasma low. 
However, helium is expensive and for many applications it 
would be beneficial to find lower-cost alternative carrier 
gases. That motivates our interest in Ar+H2O CAPs and 
their chemistry.  
In this paper, the chemistry of Ar+H2O CAPs is studied 
for water vapor concentrations spanning from 1 ppm to 
saturation (32000 ppm)
[ 31 ]
 using a global model that 
incorporates 57 species and 1228 volume reactions. 
Emission spectroscopy is used to measure the relative 
densities of OH(A) and experimental results are compared 
with computational predictions to benchmark simulation 
results.  
The paper is structured as follows. The global model and 
the experimental setup are described in section 2. 
Simulation results are presented in section 3, where density 
trends, plasma characteristics and generation/loss 
mechanisms of selected ROS are discussed as a function of 
the water vapor concentration in the feed gas. Finally, 
concluding remarks are given in section 4. 
 
2. Global model and its validation 
A global model of an Ar+H2O CAP sustained between 
two parallel-plate circular electrodes of radius R=1 cm is 
used in this study (see Figure 1). A sheet of quartz glass 
(thickness 0.1 cm) is placed on the bottom electrode and the 
gas gap between the glass sheet and the top electrode is 0.1 
cm. The discharge is excited by an RF source (f=13.56 MHz) 
that delivers an average power density of 10 W/cm
3
. The 
gas temperature is assumed to be 300 K, and the gas flow 
rate is set to be 0.1 SLM (Standard Liters per Minute). This 
configuration reflects the experimental setup used for the 
experiments discussed below. The water fraction in the 
Ar+H2O feedstock gas is varied from 1 ppm to 32000 ppm 
(saturation). 
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Figure 1. Schematic diagram of the model  
57 species are considered in the global model and these 
are listed in Table 1. Based on prior studies of other water 
containing CAPs (He+H2O
[22,32]
, He+ humid air
[28]
, Ar+ 
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humid air
[30]
), hydrated ions are expected to be abundant 
and these have been included in the model. A total of 1228 
volume reactions have been identified following an 
extensive literature review and their rate coefficients are 
listed in the Appendix. Most of the rate coefficients are 
taken from the literature, some have been calculated based 
on cross section data and when data was not available, rates 
have been estimated according to the recommendations in 
[33,108]. The Boltzmann solver BOLSIG+
[34]
 was used to 
calculate the rate coefficients of electron-neutral reactions 
using cross section data from the literature. 
Table 1. Species considered in this model 
Type Species 
Hydrated cations 
H3O
+, H2O2
+, H4O2
+, H4O4
+, H2O3
+, H5O2
+, 
H7O3
+, H9O4
+, H11O5
+, H13O6
+, H15O7
+ 
Other cations 
O+, O2
+, H+, H2
+, H3
+, OH+, HO2
+, H2O
+, 
Ar+, Ar2
+, ArH+, O4
+, O6
+ 
Hydrated anions 
H2O2
-, H3O2
-, H5O3
-, H2O3
-, H2O4
-, H4O4
-, 
H6O5
-, H4O5
- 
Other anions e-, H-, O-, O2
-, OH-, O3
-, O4
- 
Metastables 
Ar(4S), Ar(4P) , Ar2
*, O(1D) , O(1S) , O2(a) , 
O2(b), OH(A) 
Grounded neutrals Ar, H2O, H, O, H2, O2, O3, OH, HO2, H2O2 
The plasma chemistry is affected not only by volume 
reactions but also by wall reactions at the solid plates (the 
metal electrode and the quartz glass sheet) and sidewise 
diffusion and advection through the interface between the 
plasma and the surrounding gas (see Figure 1). Therefore, 
the particle balance equation for each plasma species is 
given by
[35]
: 
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where nk is the number density of species k, Gk
V
 the net 
generation/loss rate of species k due to volume reactions in 
the plasma, N the total number of species, S1 the total area 
of the solid plates, S2 the “sidewall” area of the plasma-gas 
interface, V the plasma volume, 1k the flux of species k to 
the solid plates, 2k the flux of species k to the sides out of 
the plasma, and F the gas flow rate. 
The second term on the right-hand side of equation 1 
represents the particle gain/loss due to surface reactions, in 
which βk is the surface reaction probability of species k, and 
αi,k a parameter between zero and one that relates to the 
generation probability of species k due to surface reactions 
of species i. All cations are assumed to neutralize when 
reaching the walls and therefore βk=1 for positively charged 
ions. On the other hand, anions are assumed to be confined 
by the ambipolar field and therefore βk1k=0
[ 36 , 37 ]
. For 
neutral species, the value of βk varies between zero and one 
depending on the species
[22]
.To account for the collisionality 
of the sheaths, the flux of positive ions is calculated using 
the following expression
[35]
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where uB represents the Bohm velocity, λDs the Debye length 
in the plasma sheath, λion the mean free path of positive ions. 
The pre-factor 0.6 in equation 2 accounts for the drop in 
plasma density that occurs from the center of the plasma to 
the sheath edge, while the denominator in equation 2 
accounts for the drop in ion velocity at the collisional sheath 
edge compared to the Bohm velocity in collisionless 
low-pressure plasmas
[22,38]
. The drop value of ion velocity is 
~40 from our calculation. All the positive ions are assumed 
to be neutralized on the solid plates. Finally, the electron 
flux is set to balance the total flux of positive ions, 
maintaining quasi-neutrality in the bulk plasma. No 
secondary electron emissions have been considered in the 
model, and hence the difference between the metal electrode 
and the quartz glass sheet is neglected.  
The third term on the right-hand side of equation 1 
represents the particle gain/loss due to sidewise diffusion. 
The sidewise gain/loss is estimated for the neutral species as 
reported in [36]. The feedstock gas consists of Ar and water 
vapor. Since only a small proportion of the argon gas is 
transformed into other species (such as argon metastables), 
the background argon concentration is assumed to be 
uniform and constant. However, this is not the case for 
water vapor as a large portion of the water molecules are 
dissociated and/or ionized in the plasma. So, the water 
vapor diffuses from the surrounding gas into the plasma 
region where it is consumed, and therefore2k for H2O is 
given by
[36]
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where 
2 ,H O ext
n  represents the number density of water 
vapor in the surrounding (feed) gas, 
2H O
n the average 
density of water vapor in the plasma region, DH2O the 
diffusion coefficient of water molecules which is calculated 
following the approach described in reference [39].  
Different to the feedstock gas, other plasma species are 
generated in the plasma and then diffuse outwards. For 
long-lived species such as H2, O2, O3, HO2 and H2O2, 2k is 
given by
[36]
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On the other hand, for short-lived reactive species such 
as H and O, 2k is given by
[36]
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where the coefficient Zk is a function of the thermal velocity, 
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the gap width and the surface reaction probability of species 
k. The sidewise fluxes estimated by formulae (3)-(5) take 
into account the radial inhomogeneity of the plasma and 
their values are typically 1~3 orders of magnitude lower 
than the thermal flux (0.25nkvth). For charged species, 2kis 
assumed zero as their flux will be controlled primarily by 
drift caused by electric fields. The last term on the 
right-hand side of equation 1 represents the particle 
gain/loss due to gas flow.  
Reaction rates needed to determine the generation/loss of 
species in the plasma (Gk
V
) depend on the mean electron 
energy, which is obtained by solving the electron power 
balance equation as follows
[40]
: 
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where ne represents the electron density, Te the mean 
electron temperature, ξ the ratio of power coupled to 
electrons, e the elementary charge, Pin the input power, Nr 
the number of electron impact reactions, i and Ri the 
electron energy loss due to the ith electron impact reaction 
(including electron-neutral momentum transfer collision) 
and the corresponding reaction rate, e  and p the energy 
lost per electron and ion escaping the plasma across the 
sheaths. The electron energy is assumed to be ε=1.5neTe 
based on the Maxwellian assumption. Pin is set constant to 
be 10 W/cm
3
 (neglecting its periodic variation) for greatly 
reducing the computational load, and this simplification is 
acceptable for a RF discharge as predicted previously
[40]
.  
In electropositive plasmas it is safe to assume that 
current in the bulk plasma is carried by electrons because 
the electron and ion densities are comparable and the 
electron mobility is ~100 times larger than that of the 
ions
[ 41 ]
.However, H2O-containing CAPs can become 
electronegative and the concentration of electrons in the 
bulk plasma can be much lower than that of ions. As a result, 
significant amount of current can be carried by ions, 
affecting the way the input power is dissipated in the 
discharge. The fraction of the current carried by electrons 
can be estimated by
[36,40,42]
: 
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where μe is the electron mobility, μi,k the mobility of ionic 
species k, and ni,k the density of ionic species k. 
Equation (1) and (6) are integrated using a custom 
MATLAB code that makes use of the built-in stiff ordinary 
differential equations solver ode23s to solve for the 
evolution of the electron temperature and species 
densities
[29,35,40]
. A plasma-on time of more than one second 
is needed to reach a steady state solution, for which the 
density of each plasma species changes less than 1% during 
0.1 s.  
Gas outlet
 
Figure 2. Experimental setup 
In order to validate the simulation results, Ar+H2O 
plasmas were generated by an RF power supply (f=13.56 
MHz) and the plasma-generated OH(A) was detected by 
emission spectroscopy. The experimental set up is depicted 
in Figure 2. The input power was obtained by subtracting 
the reflection power from the incident power of the RF 
power source, which corresponds to the same power density 
of 10 W/cm
3
 as the global model. It should be noted that the 
input power is from the source to the electrodes, not exactly 
absorbed by the plasma (a small portion of the power would 
be consumed by heating the electrodes). Water content in 
the feed gas was controlled by combining the flow of two 
argon (5N) channels, one of which was bubbled through a 
deionized water container. The flow in each channel was 
controlled by a mass flow controller (Aalborg, DFC) and 
the combined gas flow rate was kept constant at 2 SLM. 
Taking into account the geometry of the experimental setup, 
the gas flow rate through the plasma region was estimated 
to be 0.1 SLM. The water fraction in the mixed gas was 
measured by a moisture meter (Testo 654) and this was 
found to be proportional to the gas flow rate in the branch 
that passes through the water container. OH(A) produced in 
the plasma was measured using an Ocean Optics, 
Maya2000Pro spectrometer. The intensity of the emission 
spectral line at 308.9nm is known to be proportional to the 
density of OH(A).  
 
Figure 3. Comparison between the OH(A) densities in numerical 
and experimental studies 
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 Comparison between the numerical and experimental 
results is shown in Figure 3. Experiments were only 
conducted for water vapor concentrations that ranged from 
737 ppm to 6108 ppm. It was found difficult to control the 
water concentration below 737 ppm in a repeatable way due 
to limitations in the available equipment and the influence 
of residual water on the inner walls of the experimental 
setup. On the other hand, water concentrations above 6108 
ppm resulted in unstable plasmas, i.e. the plasma column is 
contracted and filaments can be observed.  
As shown in Figure 3, the calculated density of OH(A) 
peaks at a water vapor concentration of [H2O]~1000 ppm, 
in agreement with the spectral line intensity at 308.9 nm. 
This qualitative agreement between simulation and 
experimental results provide some reassurance that despite 
its intrinsic limitations, the computational model can 
actually predict experimental trends and provide insights 
into the underlying discharge mechanisms.  
3. Results and discussions 
In order to quantify the amounts of reactive species 
produced in Ar+H2O CAPs as well as to elucidate the 
chemical kinetics as a function of the water vapor 
concentration, simulations have been run for the following 
water concentrations: 1, 3, 10, 30, 100, 300, 1000, 3000, 
10000 and 32000 ppm. The latter corresponds to the 
saturation concentration of water vapor and given its special 
significance the simulation results at that concentration are 
marked with a “star” symbol in the figures below. For many 
applications of CAPs (e.g. treatment of biological samples) 
the treated sample is either humid or a liquid. As a result, in 
the plasma region adjacent to the sample the water 
concentration is high, reaching saturation at the gas-liquid 
interface
[43,44,45]
. While sustaining a uniform discharge in 
water saturated gas is experimentally challenging (e.g. in 
the current experimental setup, water concentrations above 
6108ppm turn the discharge unstable), the actual water 
concentration in most CAPs is not homogeneous
[ 46 ]
: a 
region of relatively dry gas away from the sample enables 
stable operation of the plasma while near the sample the 
humidity can increase up to saturation levels. Since most of 
the reactive species in the plasma diffuse only a few to 
several hundred microns during their lifetime in the 
plasma
[ 47 - 49 ]
,it is important to understand the plasma 
chemistry in saturated gas as this is likely to determine the 
plasma chemistry that is “felt” by the treated samples. 
Experimental measurements of species and chemical 
kinetics in the saturated gas interface are very challenging 
and computational studies can provide valuable insights.  
A. Densities of reactive species as a function of water 
vapor concentration 
The density of cations generated in Ar+H2O CAPs as a 
function of the water concentration in the feed gas are 
shown in Figure 4. For clarity, the cations are divided into 
two groups: non-hydrated cations (Figure 4a) and hydrated 
cations (Figure 4b). The overall cation density as a function 
of water concentration is not monotonous (see figure 4), 
indicating the presence of two regimes. The total cation 
density first decreases with increasing water content and 
then increases, having a minimum at [H2O]~1000 ppm. At 
low water concentrations ([H2O]<1000 ppm) Ar2
+
ions are 
the most abundant ionic species whereas as water content 
increases above 1000 ppm, heavier hydrated ions such as 
H11O5
+
, H13O6
+
 and H15O7
+
 dominate successively. Small 
water derived cations such as H2O
+
, HO2
+
, H3O
+
, and ArH
+ 
are produced in significant quantities only at water 
concentrations of 10-300 ppm and their contribution to the 
cation population decreases very rapidly at lower or higher 
water concentrations.  
It is noted that except for Ar
+
, which is actually 
produced in relatively small quantities, the concentration of 
cations experience a strong transition at a water 
concentration of ~500 ppm. This transition is driven by 1) 
the increasing concentration of heavy-hydrated ions and 2) 
the changes in electron-impact reaction rates as water 
concentration increases from 100 to 1000 ppm. These 
changes of reaction rates are a consequence of the changes 
in electron density, electron temperature as well as electron 
energy distribution function. 
 
 
Figure 4. Densities of cations as a function of water vapor 
concentration: (a) Non-hydrated cations; and (b) hydrated cations. 
Water vapor is an electronegative gas and hence anions 
are generated when water is introduced in the discharge (see 
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Figure 5). The total anion density increases from 5.0×10
14
 to 
4.9×10
16
 m
-3
when the water concentration increases from 1 
ppm to 3000 ppm but it remains approximately constant for 
water concentrations above 3000 ppm. For water 
concentrations above ~1000 ppm the concentration of 
anions become comparable to that of cations, indicating that 
the plasma becomes strongly electronegative at high water 
concentrations. Similarly to the observation made for 
cations, heavier hydrated ions become increasingly 
abundant as the water concentration increases and a 
transition is observed as the water concentration increases 
from 100 to 1000 ppm. Biologically relevant species such as 
OH
-
, O2
-
 and H3O2
-
are found to be produced in relatively 
large quantities, particularly at water concentrations of ~300 
ppm. 
 
 
 
Figure 5. Densities of anions as a function of the water vapor 
concentration in the feed gas: (a) Non-hydrated anions; and (b) 
hydrated anions. 
Figure 6 shows the dependence of the electron density, 
electron temperature and electronegativity on the water 
concentration in the feed gas. It can be seen that the electron 
density decreases from 2×10
17 
m
-3 
to 1×10
14 
m
-3
 while the 
electron temperature increases monotonously from 3.0 eV 
to 4.2 eV as the water vapor concentration increases from 1 
ppm to saturation. The electronegativity, i.e. the ratio of 
anion concentration to electron concentration, increases 
rapidly at high water concentrations ([H2O]>1000 ppm), 
reaching a value of ~470 at saturation. 
 
 
Figure 6. Electron density, electron temperature and 
electronegativity as a function of the water vapor concentration in 
the feed gas ( : Electron density; : Electron temperature;
: Electronegativity) 
In particular, the electron density decreases by more 
than one order of magnitude as the water concentration is 
increased from 100 to 1000 ppm. This decrease in electron 
density occurs at the same water concentrations at which 
rapid changes in ion densities were observed in figures 4 
and 5 and reflects a rapid transition from an 
electron-positive into an electronegative plasma. The 
electron temperature is found to increase by ~0.6 eV in that 
transition region, as higher ionization is required to 
compensate for the increasing loss of electrons in 
attachment reactions.  
 
 
Figure 7. Density of excited neutral species as a function of the 
water vapor concentration in the feed gas. 
 The density of excited neutral species as a function of 
the water concentration in the feed gas is shown in Figure 7. 
The overall trend differs from that of ionic species (Figures 
4 and 5). At first, the total density of excited neutral species 
is found to increase with increasing water concentration, 
reaching a maximum at [H2O]~300 ppm. Above that water 
concentration, the density of neutral excited species 
decreases. This decrease is attributed not only to the fast 
decrease in electron density (Figure 6) but also to the 
quenching of excited species by water molecules
 [50,51]
. 
Therefore, for the generation of excited neutral species, the 
optimal water concentration in the feed gas is ~300 ppm. 
The total density of excited neutral species is larger than 
that of the charged species (Figure 4and 5) by one to two 
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orders of magnitude across the whole range of water 
concentrations. At very low water content Ar2
*
is the most 
abundant excited species but O2(a) becomes the dominant 
species for water concentrations above 10 ppm. The density 
trend of OH(A) is similar to that of O2(a) but the magnitude 
is about three orders of magnitude lower and it peaks at 
slightly higher water concentration. According to this 
simulation results, the maximum density of OH(A)occurs at 
[H2O]=1000 ppm, which agrees with experimental 
measurements reported in the literature using the 308.9 nm 
spectral line intensity (OH(A)→OH(X)+h)[52,53].  
 The main ground state species generated in Ar+H2O 
CAPs are H, O, H2, O2, OH, HO2, H2O2 and O3, and their 
concentration as a function of the water content in the feed 
gas is shown in Figure 8. The dot line represents the original 
water vapor density in the feed gas, and the red curve with 
circle symbols represents the water density in the active 
plasma. It is interesting to note that the water vapor 
concentration in the plasma is about 1 order of magnitude 
lower that in the feed gas when [H2O]≤300 ppm. This is 
because most water molecules are dissociated into H, O, 
OH by electron impact reactions in this regime. At high 
water concentration ([H2O]>1000 ppm), a smaller fraction 
of the water is dissociated due to the increasing water 
content and the lower electron density (Figure 6). 
 
Figure 8. Density of ground neutral species as a function of the 
water vapor concentration in the feed gas 
OH is the most abundant ground state neutral species 
when [H2O]<30 ppm, and OH, H2 and O2are found to be 
more abundant than water molecules in the active plasma 
for water concentrations in the feed gas <1000 ppm. The 
density of O first increases and then decreases with 
increasing water vapor concentration and peaks at 
[H2O]~300 ppm. The densities of other biologically relevant 
reactive species such as OH,HO2 and H2O2alsoincrease with 
increasing water content reaching a maximum at 
[H2O]~1000 ppm. This implies that maximum production of 
these reactive species can be achieved without 
compromising the plasma stability.  
The density of OH is higher than that of its excited 
state OH(A) by more than three orders of magnitude and 
significantly their trend at water concentrations above 1000 
ppm are quite different (see Figure 7 and 8). This implies 
that one should be careful when inferring OH production 
from OH(A) emission lines
[54]
. Experimental data using 
cavity ring down spectroscopy to measure OH radicals in an 
Ar+H2O CAP has shown that OH density reaches a 
maximum value when [H2O]~1.5%
[16]
. These experimental 
results agree with the simulation results presented in this 
paper. Also in agreement with experimental measurements 
is the observation that at high water concentration the 
density of H2and O2 (figure 8) is higher than that of H2O2 by 
more than one order of magnitude
[55]
.  
It is well-known that water quenches the production of 
ozone and for all the water concentrations investigated in 
this study the O3 concentration is found to be <0.2ppm. This 
concentration is lower than the recommended limit (100 
μg/m3) of the WHO Air Quality Guidelines[56], suggesting 
that Ar+H2O CAPs may be able to meet environmental 
requirements more readily than other dry O2-rich CAPs, 
such as Ar+O2or He+O2plasmas.  
B. Power dissipation 
Figure 9 shows the main channels in which energy 
delivered the plasma is dissipated. When the water 
concentration in the feed gas is small (<300 ppm), the input 
power is mainly consumed in elastic collision (Momentum 
transfer collsion) between electrons and background gas 
molecules. Despite the small energy transfer in each elastic 
electron-neutral collision, the large collisionality 
encountered in atmospheric-pressure plasmas results in 
these collisions dominating the power balance. As the water 
concentration increases, so does the electron temperature 
(see Figure 6) and inelastic collisions become increasingly 
important. For water concentrations between 300 ppm and 
3000 ppm, most power delivered to the plasma is dissipated 
in inelastic electron-neutral collisions. In these regime, the 
reactions consuming most power are:  
e+Ar→Ar(4S)+e             (R73) 
e+Ar→Ar(4P)+e             (R74) 
 
Figure 9. Power dissipations as a function of the water vapor 
concentration ( : Ion Joule heating : Elastic collisions : 
Electron excitation : Ionization : Other inelastic 
collisions) 
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At water concentrations above 3000 ppm, the discharge 
is strongly electronegative and most power is coupled to 
ions instead of to electrons. As a result, at high water 
concentrations the main dissipation channel is ion Joule 
heating (See equation 7 and accompanying discussion).This 
would result in significant gas heating and as observed 
experimentally lead to instabilities in the discharge. In 
comparison, the power dissipation in other inelastic 
collisions (including vibrational excitation, ionization, etc.) 
is small.  
As shown in Figure 9, the ratio of power dissipated in 
elastic collisions to the total input power drops sharply from 
82% to 3% when the water concentration increases from 
100 to 1000 ppm. At the same time, the ratio of power 
dissipated in inelastic collisions increases from 17% to 88%. 
Such rapid transitions are a reflection of significant changes 
in the discharge conditions. Similar transitions were 
observed in species densities (Figures 4 to 8) and chemical 
pathways (see discussion below). These changes are linked 
to a rapid increase in the rate coefficient of inelastic 
reactions as the electron temperature increases with 
increasing water content.  
 
 
Figure 10. Variations of the reaction rate coefficient of 
e+Ar→Ar++2e (a) and the electron energy distribution function (b) 
in Ar+H2O CAPs with different water vapor concentrations. The 
star symbols in Figure 10(a) represent the reaction rates at the 
self-consistent equivalent electron temperatures (2/3 mean electron 
energy) according to the simulation results. All the EEDF curves in 
Figure 10(b) are at a given mean electron energy of 5.25 eV. 
Taking the reaction e+Ar→Ar++2e (R30) as an 
example, the rate coefficient increases by more than 12 
orders of magnitude when the water vapor concentration 
increases from 100 to 1000 ppm, as represented by the star 
symbols in Figure 10(a). This increase occurs as a result of 
an increase in electron temperature (from 3.2 eV to 3.8 eV) 
and changes in the electron energy distribution function 
(EEDF). In order to describe the change of EEDF, we plot 
in Figure 10(b) the EEDFs for the water concentrations of 
100, 300 and 1000 ppm at a given mean electron energy of 
5.25 eV (equivalent to an electron temperature of 3.5 eV). It 
can be seen that the EEDF keeps similar for [H2O]=100 and 
300 ppm, but it changes significantly with the increasing 
water concentration from 300 to 1000 ppm. The change is 
especially in its high-energy portion of ε>15.76 eV (as 
indicated by a dash line in Figure 10(b)), in which the 
electrons are capable of ionizing argon molecules (R30).  
The EEDF is also obtained by the Boltzmann solver 
BOLSIG+, and its variation is mainly attributed to the 
changing nature of the background molecules as admixture 
of water vapor is introduced and products such as (H2, O2, 
H2O2, etc.) are generated. 
C. Main physicochemical pathways of selected reactive 
species 
From an application point of view, it is of interest to 
elucidate the production/loss mechanisms of some key 
species. In this section we discuss the generation and loss of 
electrons, O, OH(A), OH and H2O2. 
The main pathways for the generation and loss of 
electrons as a function of the water content in the feed gas 
are shown in Figure 11. As observed in previous graphs, a 
clear transition occurs as the water concentration in the feed 
gas increases from 100 to 1000 ppm. At low water 
concentrations the discharge is sustained primarily by 
ionization of excited argon species (R32 and R31). This 
stepwise ionization  accounts for 87% of the electron 
production. Reactions R32, R31 and R1140 are in 
decreasing order of significance the key reactions for 
electron production at low water concentration:  
e+Ar2
*→Ar2
+
+2e             (R32) 
e+Ar(
4S)→Ar++2e            (R31) 
2Ar2
*→Ar2
+
+2Ar+e          (R1140) 
As the water concentration increases above 300 ppm, 
electron-impact ionization of argon atoms (R30) and water 
molecules (R6) become the dominant electron production 
pathways, followed by collisional detachement (R1042 and 
R984): 
e+Ar→Ar++2e               (R30) 
e+H2O→H2O
+
+2e              (R6) 
H5O3
-+H→3H2O+e          (R1042) 
H
-
+O2→HO2+e             (R984) 
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The shift in electron production pathways from R32 
and R31to R30 and R6 is due to 1) the rapid increase in the 
reaction rate of reaction R30as the electron temperature 
increases (see Figure 10), and 2) the increased quenching of 
argon metastables by water molecules at high water 
concentrations (e.g. R1127: Ar(
4
S)+H2O→Ar+OH+H).  
Regarding the loss of electrons, at low water 
concentrations ([H2O]<300 ppm) the electrode loss is the 
main loss process, with a small contribution of electron-ion 
recombination reactions (R126 and R117): 
e+Ar2
+→2Ar             (R126) 
e+H5O2
+→2H2O+H           (R117) 
However, as the water concentration increases above 
300 ppm, most electrons are lost in volume reactions in the 
plasma, in particular through dissociative attachment of 
water molecules: 
e+H2O→H
-
+OH            (R86) 
e+H2O→O
-
+H2            (R87) 
 
 
 
Figure 11. Main physicochemical pathways for (a) the production 
and (b) the loss of electrons as a function of the water content in 
the feed gas. 
Atomic oxygen is an important reactive oxygen species 
produced in plasmas that is not easily obtained by other 
means. The main pathways for the generation and loss of 
ground state O are illustrated in Figure 12. Many reactions 
contribute to the generation and loss of O and most of them 
are driven by heavy particles instead that by electrons. At 
low water concentrations ([H2O]<300 ppm) the main 
channel for the production of ground state O is collisional 
relaxation of O(
1
D) (R1056) followed by collisional 
dissociation of OH and O2molecules by argon metastables 
(R1121,R1118 and R1125). The reactions are as follows: 
Ar+O(
1D)→O+Ar          (R1056) 
Ar2
*
+OH→H+O+2Ar         (R1121) 
Ar2
*
+O2→2O+2Ar          (R1118) 
Ar(
4
S)+O2→2O+Ar          (R1125) 
This is different from CAPs operated in other gas 
mixtures (e.g. He+O2, He+H2O) in which ground state 
atomic oxygen is mainly produced by electron impact 
dissociation of O2
[35,57]
. In Ar+H2O CAPs the concentration 
of O(
1
D) is relatively large and the amount of O2 present in 
the plasma is small and therefore the electron impact 
dissociation is not an important pathway for the production 
of atomic O. As the water content in the feed gas increases, 
more O2is produced in the discharge (see Figure 8) and 
electron impact dissociation becomes increasingly 
important. However, the net production of O at high water 
concentration is dominated by heavy particle collisions 
(R1196 and 1169):  
2OH→H2O+O            (R1196) 
H+HO2→H2O+O          (R1169) 
 Regarding the loss of ground state O (Figure 12(b)), 
the dominant pathways at low water concentrations 
([H2O]<300 ppm) are wall losses (electrode and radial 
losses) and electron-impact excitation (R38): 
e+O→O(1D)+e             (R38) 
However, at high water concentrations these pathways 
are not important because the density of ground state O 
decreases(Figure 8) and the increasing abundance of OH 
and HO2quench O: 
O+OH→H+O2                (R1184) 
O+HO2→OH+O2         (R1185) 
Interestingly, OH and HO2 also play an important role 
for the production of ground state O, indicating that the 
reactive species O, OH and HO2 have a strong circular 
relation. This circular relation has also been found in 
He+H2O CAPs
[57]
. 
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Figure 12. Main physicochemical pathways for (a) the production 
and (b) the loss of ground state O as a function of the water 
content in the feed gas. 
Similarly to the production and loss of electrons and 
ground state O, the chemical pathways for the production 
and loss of OH have two distinct regimes (Figure 13). At 
low water concentrations ([H2O]≤300 ppm), OH is mainly 
produced as a result of collisional dissociation of H2Oby 
argon dimer metastables (R1119). Other significant 
reactions in this regime include collisional dissociation of 
H2O2 by argon dimer metastable (R1120),  charge transfer 
reaction (R848) and electron-impact dissociation (R70): 
Ar2
*
+H2O→2Ar+H+OH       (R1119) 
Ar2
*
+H2O2→2OH+2Ar       (R1120) 
Ar2
+
+H2O→ArH
+
+OH+Ar       (R848) 
e+H2O2→2OH+e            (R70) 
 At higher water concentrations ([H2O]>300 ppm), the 
density of argon dimers and dimer ions decrease rapidly 
(see Figures 4 and 7) and collisional dissociation of H2O by 
atomic argon metastable (R1127), reaction between H and 
HO2 (R1173) and collisional relaxation of OH(A) (R1108) 
become the dominant processes for OH production. 
Interestingly, electron impact dissociation of water 
molecules(R63), a key process in He+H2O CAPs
[15]
 and a 
process often believed to dominate the OH production
[18]
, 
makes relatively small contribution (<10%) in Ar+H2O 
CAPs: 
H+HO2→2OH          (R1173) 
Ar(
4
S)+H2O→Ar+OH+H       (R1127) 
Ar2
*
+H2O→2Ar+H+OH       (R1119) 
OH(A)+H2O→OH+H2O       (R1108) 
e+H2O→H+OH+e           (R63) 
 Regarding the loss of OH (Figure 13(b)), the dominant 
pathway at very low water concentrations is the loss 
through the walls (electrodes and radial loss). For water 
concentrations above 30 ppm, however, the concentration of 
water fragments in the plasma increases and volume 
reactions become increasingly important. The three-body 
reaction 2OH+Ar→H2O2+Ar (R1227) is the main OH loss 
pathway for water concentrations above 30 ppm. Reactions 
with other water fragments (R1155, R1184, R1197 and 
R1198) contribute significantly to the total loss of OH, 
particularly at high water concentrations: 
2OH+Ar→H2O2+Ar        (R1227) 
Ar+H+OH→Ar+H2O       (R1155) 
O+OH→H+O2              (R1184) 
OH+HO2→O2+H2O        (R1197) 
OH+H2O2→H2O+HO2          (R1198) 
 
 
Figure 13.Main physicochemical pathways for (a) the production 
and (b) the loss of ground state OH as a function of the water 
content in the feed gas. 
In Ref. [18] four chemical pathways were proposed as 
potential OH(A) production mechanisms in Ar+H2O CAPs: 
electron excitation of OH, dissociative excitation of H2O 
with argon metastables, dissociative electron excitation of 
H2O and dissociative recombination of hydrated cations. 
According to our simulation results (Figure 14(a)), electron 
excitation of OH (R58: e+OH→OH(A)+e) is the dominant 
chemical process at low water concentrations ([H2O]<300 
ppm), whereas dissociative excitation of H2O by argon 
metastables (R1159: Ar(
4
S)+H2O→Ar+H+OH(A)) is the 
dominant process at higher water concentrations. The other 
proposed chemical pathways are found to contribute less 
than 10% to the overall production of OH(A). Dissociative 
electron excitation of H2O molecules (R67) is not very 
significant because at low water concentrations ([H2O]<300 
ppm) the concentration of OH is comparable to that of H2O 
(Figure 8) and the energy required to excite OH to OH(A) is 
lower than the energy required to dissociate H2O. At higher 
water concentrations the plasma becomes electronegative 
and the electron density is more than one order of 
magnitude smaller than the concentration of Ar(
4
S) (see 
Figure 6 and 7) and the rate coefficient of R1159 is more 
than one order of magnitude larger than that of the 
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dissociative electron excitation of H2O (R67).  
 
 
Figure 14. Main physicochemical pathways for (a) the production 
and (b) the loss of ground state OH(A) as a function of the water 
content in the feed gas. 
 Although the dissociative recombination of hydrated 
cations is not considered in the model due to the lack of data 
in the literature, we believe that this OH(A) production 
pathway
[18]
 is likely to make only a very small contribution. 
Such reaction for all hydrated cations can be written as 
follows: 
e + H
+
(H2O)n → OH(A) + 2H
+
(n-1)H2O 
 Taking [H2O]=1000 ppm as an example, the electron 
density is ~3.9×10
15
 m
-3
, and the total density of hydrated 
cations is ~3.1×10
16
 m
-3
. Therefore the product of the 
densities is on the order of ~10
32
 m
-6
. For this mechanism to 
be comparable to the OH(A) production via R58 and R1159 
(~2.5×10
23
 m
-3
s
-1
), the reaction rate coefficient of the 
dissociative recombination above would need to be larger 
than 2.5×10
-9
 m
-3
s
-1
. Typically, however, electron-ion 
recombination rate coefficients are on the order of 10
-13
 
m
-3
s
-1
,
[108]
i.e. four orders of magnitude lower than the one 
required for recombination of hydrated ions to make a 
significant contribution to the production of OH(A).  
 Regarding the loss of OH(A) (Figure 14(b)), the 
dominant reactions at low water concentration ([H2O]≤300 
ppm) are the collisional relaxation (R1106) and radiative 
decay (R1149): 
Ar+OH(A)→Ar+OH       (R1106) 
OH(A)→OH+hv         (R1149) 
 At higher water concentration([H2O]>300 ppm) 
collisional relaxation by water molecules (R1108) becomes 
the dominant loss process, while collisional relaxation by 
Ar, H2,O2and H2O2make relatively small contribution.: 
OH(A)+H2O→H2O+OH       (R1108) 
Ar+OH(A)→Ar+OH        (R1106) 
OH(A)→OH+hv         (R1149) 
H2+OH(A)→H+H2O        (R1112) 
O2+OH(A)→O2+OH        (R1107) 
OH(A)+H2O2→H2O+HO2       (R1115) 
H+OH(A)→H2+O        (R1109) 
 
 
 
Figure 15. Main physicochemical pathways for (a) the production 
and (b) the loss of ground state H2O2 as a function of the water 
content in the feed gas. 
As shown in Figure 15(a), the production of H2O2is 
dominated by the combination of two OH molecules in the 
volume reaction R1227 or on the electrode surfaces: 
2OH+Ar→H2O2+Ar        (R1227) 
The main pathway for the loss of H2O2 are shown in 
Figure 15(b). At low water concentrations ([H2O]≤300 ppm)  
the dominant pathways are electron-impact dissociation 
(R70) and dissociation by collisions with argon dimer 
(R1120) and atomic argon metastables (R128).  
e+H2O2→2OH+e            (R70) 
Ar2
*
+H2O2→2OH+2Ar       (R1120) 
Ar(
4
S)+H2O2→Ar+2OH       (R1128) 
OH+H2O2→H2O+HO2       (R1198) 
As the water concentration increases above 300 ppm, 
dissociation by collisions with OH molecules (R1198) 
become the dominant processes. 
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4. Concluding remarks 
This paper reports on key species and chemical 
pathways in Ar+H2O cold atmospheric-pressure plasmas. A 
global model incorporating 57 species and 1228 chemical 
reactions was used in the study and water vapor 
concentrations ranging from 1 ppm to saturation (32000 
ppm) were considered. Although operation with water 
concentrations above ~6000 ppm results in unstable 
plasmas, it is recognized that in many applications plasmas 
are sustained in environments with a large humidity 
gradient and that near liquids and humid substrates the 
water content in the gas approaches saturation levels.  
In contrast to He+H2O plasmas
[22,57,54]
, an abrupt 
transition in the properties of Ar+H2O plasmas is found 
when the water concentration in the feed gas increases from 
100 to 1000 ppm. At low water concentration ([H2O]<300 
ppm) most power is delivered to the electrons and the 
plasma is electropositive. Most water molecules in the 
plasma are dissociated in this regime. At higher water 
concentrations the plasma becomes electronegative and 
most power delivered to the plasma is coupled to ions. In 
this regime the plasma is less effective in generating 
reactive species and heavier hydrated ions become 
increasingly abundant.  
The abrupt transition in species densities and chemical 
pathways observed when the water concentration increases 
from 100 to 1000 ppm is linked to the rapid change in the 
electron energy distribution function and thereby the 
electron-neutral excitation and ionization reaction rates. For 
example, the rate coefficient of the electron-impact 
ionization of argon atoms increases by more than 12 orders 
of magnitude. 
This abrupt transition is not found in He+H2O CAPs 
because when He is used as a carrier gas Penning processes 
dominate ionization processes. In Ar+H2O CAPs, however,  
Penning processes are not possible because argon 
metastables (Ar(
4
S): ~11.55 eV; Ar2
*
: ~10.8 eV) do not have 
enough energy to ionize other molecules (H2O: ~12.62 eV). 
Instead, argon metastables contribute to dissociation of 
water molecules and play a fundamental role in step 
ionization processes.  
Ar+H2O CAPs are a good source of reactive oxygen 
species and in this paper key chemical process leading to 
the production and loss of O, OH, OH(A) and H2O2 have 
been discussed in detail, providing new insights and 
identifying differences with respect to better known 
He+H2O CAPs. For example, OH production by electron 
impact dissociation of water molecules, a reaction 
dominating the production of OH in He+H2O plasmas,  is 
found to make negligible contribution to the production of 
OH in Ar+H2O plasmas.    
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Appendix 
Number Reaction Rate coefficienta,b Ref 
Momentum transfer 
1  e Ar Ar e     ef T  58 
2  
2 2e H O e H O     ef T  59 
3  
2 2e H H e     ef T  60 
4  
2 2e O O e     ef T  61 
5  e OH OH e     ef T  62c 
Electron-impact Ionization 
6  
2 2 2e H O H O e
     ef T  59 
7  
2 2e H O OH H e
      ef T  59 
8  
2 2 2e H O O H e
      ef T  59 
9  
2 2e H O H OH e
      ef T  59 
10  
2 2 2e H O H O e
      ef T  59 
11  
2e H H e     ef T  63 
12  
2e H H e     ef T  63 
13  
2 2 2e H H e
     ef T  63 
14  
2 2e H H H e
      ef T   63 
15  
2e O O e     ef T   72 
16   1 2e O D O e     ef T   d 
17   1 2e O S O e     ef T   d 
18  
2e O O e    0.512 exp1.95 10 ( 3.4 / )e eT T
    64 
19  
2 2 2e O O e
     ef T   73 
20  
2 2e O O O e
      ef T   73 
21   2 2 2e O a O e
     ef T   d 
22   2 2e O a O O e
      ef T   d 
23   2 2 2e O b O e
     ef T   d 
24   2 2e O b O O e
      ef T   d 
25  
2e OH OH e     ef T   62 
26    2e OH A OH e    1 2.611 exp( 13 10 0.6 / )e eT T
    65 
27  
2e OH OH e    1.86 9 exp9.67 1 ( 1 1/0 2. )e eT T
     65 
28  
2 2 2e H O OH OH e
     
112.2 10   66 
29  
3 2 2e O O O e
      ef T   67 
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30  
2e Ar Ar e     ef T   68 
31   4 2e Ar S Ar e     ef T   69 
32  *
2 2 2e Ar Ar e
     ef T   70 
33   4 2e Ar P Ar e     ef T   69 
Electron Impact Excitation & Dissociation & De-excitation 
34  
2 2e H H e     ef T   63 
35  
2e H e H H
      0.1371.88 exp( 2.38 0 / )1 e eT T
    71 
36  
3 2e H e H H
      0.958 exp(1.75 10 10.5 / )e eT T
    63 
37   1e O O S e     ef T   72 
38   1e O O D e     ef T   72 
39   2 2e O O b e     ef T   61 
40   2 2e O O a e     ef T   61 
41   12e O O D O e      ef T   73 
42   12e O O S O e      ef T   74 
43  
2 2e O O e     ef T   75 
44   2 2 1e O O v e      ef T   76 
45   2 2 2e O O v e      ef T   76 
46   2 2 3e O O v e      ef T   76 
47   2 2 4e O O v e      ef T   76 
48  
3e O O O O e
        ef T   67 
49     2 2e O a O b e     ef T   77 
50   2 2e O a O e     ef T   d 
51   2 2e O a O e    9 exp(5 2.2. /6 10 )eT
    78 
52  
   12e O a O D O e      ef T   75 
53  
   12e O a O S O e      ef T   d 
54   2 2e O b O e    10 exp(9.72 1 0.50 91/ )eT
    79 
55   2 2e O b O e     ef T   d 
56  
   12e O b O D O e      ef T   d 
57  
   12e O b O S O e      ef T   d 
58   e OH OH A e     ef T   62k 
59  e OH O H e      ef T   62k 
60   e OH A O H e     0.77 5 exp1.5 10 ( 3.9 / )e eT T
    65 
61   2 2 100 001e H O e H O v       ef T   59 
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62   2 2 010e H O e H O v      ef T   59 
63  
2e H O H OH e      ef T   59 
64  
2 2e H O H O e      ef T   80 
65   12 2e H O O D H e      ef T   80 
66   12 2e H O O S H e      ef T   59 
67   2e H O OH A H e      ef T   59 
68  
2e HO O OH e     91.67 10   81 
69  
2 2e HO H O e     93.1 10   81 
70  
2 2 2e H O OH e    92.36 10   81 
71  
2 2 2e H O H HO e     113.1 10   66 
72  
3 2e O O O e      ef T   82 
73   4e Ar Ar S e     ef T   83 
74   4e Ar Ar P e     ef T   83 
75   4e Ar S Ar e    72 10   84 
76   4e Ar P Ar e    10 0.713.9 10 eT   85 
77   * 42e Ar e Ar Ar S     8 exp( 11 )1 0 / eT    86 
Electron Impact Attachment & Dissociative Attachment 
78  
e H H   0.5163.46 10 eT
   87 
79  
2e H H H
     ef T   88 
80  
e O O    ef T   89 
81  
2e O O O
     ef T   74 
82   2e O a O O
     ef T   90 
83  
e OH OH   151 10   91 
84  
2 2 2e H O H O O
     ef T   92 
85  
2 2e H O OH OH
     ef T   92 
86  
2e H O H OH
     ef T   59 
87  
2 2e H O O H
     ef T   59 
88  
2e H O OH H
     ef T   59 
89  
3 2e O O O
     ef T   74 
90  
3 2e O O O
     ef T   74 
91  
2 2 22e O O O
    30 0.5(2.26 10 / 300)gT
  
 79 
92  
2 2 2 2e O H O O H O
     
291.4 10   93 
93  
2 2e O Ar O Ar
     
311 10   ab 
94  
3 3e O M O M
     311 10   93 
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95  
2 2e O O O O
     311 10   93 
96  
2 2e O H O O H O
     291.4 10   r 
97  
e O Ar O Ar     311 10   s 
98  
e OH Ar OH Ar     313 10   ab 
Dissociative recombination 
99  
e H H   13 0.52.62 10 eT
   94 
100  
2 22e H H e
    27 4.57.18 10 eT
   108 
101  
2e H H H
      0.2102.1 exp( 01 )7 /0 .2e eT T
    71 
102  
3 3e H H
   0.484.15 10 eT
    63 
103   1e O O D   13 0.55.3 10 eT    64 
104  
2 2e O O
   8 0.71.2 10 eT
   64 
105   12e O O O D    0.798.88 10 eT    64 
106   12 2e O O D   0.796.87 10 eT    93 
107  
4 22e O O
   0.572.25 10 eT
    108 
108  
6 23e O O
   0.572.25 10 eT
    108e 
109  
e OH H O    0 59 .6 10 eT
   87 
110  
2e H O H OH
    8 0.55.1 10 eT
   95 
111  
2 2e H O H O
    0.581.86 10 eT
    95 
112  
2 2e H O H O
    0.582.32 10 eT
    95 
113  
3 2e H O H O H
    0.585.63 10 eT
    87 
114  
3 2e H O H OH
    0.571.05 10 eT
    87 
115  
2 3 2 2e H O H O O
    0.277.22 10 eT
    96 
116  
4 2 2e H O H O OH H
     7 0.29.6 10 eT
   96 
117  
5 2 22e H O H O H
    6 0.151.62 10 eT
   96 
118  
4 4 2 22e H O H O O
    0.277.22 10 eT
    121 
119  
7 3 23e H O H H O
    6 0.082.24 10 eT
   97 
120  
9 4 24e H O H H O
    
63.6 10   97 
121  
11 5 25e H O H H O
    
64 10   98 
122  
13 6 26e H O H H O
    
64 10   98 
123  
15 7 27e H O H H O
    
64 10   98 
124  
e ArH H Ar    71 10   99 
125   42e Ar Ar S Ar    8 0.6 0.61 10 ( / 300)e gT T     100 
126  
2 2e Ar Ar
   8 0.67 0.587.34 10 ( / 300)e gT T
    
 101 
127  
e O M O M     29 1.52.49 10 eT
   108 
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128  
2 2e O M O M
     29 1.52.49 10 eT
   108 
129  
4 22e O M O M
     29 1.52.49 10 eT
   108 
130  
6 23e O M O M
     29 1.52.49 10 eT
   108 
131  
e H M H M     29 1.52.49 10 eT
   108 
132  
2 2e H M H M
     29 1.52.49 10 eT
   108 
133  
3 2e H M H H M
      29 1.52.49 10 eT
   108 
134  
e OH M OH M     29 1.52.49 10 eT
   108 
135  
2 2e HO M HO M
     29 1.52.49 10 eT
   108 
136  
2 2e H O M H O M
     29 1.52.49 10 eT
   108 
137  
2 2 2e H O M H O O M
      29 1.52.49 10 eT
   108 
138  
2 3 2 2e H O M H O O M
      29 1.52.49 10 eT
   108 
139  
4 2 22e H O M H O M
     29 1.52.49 10 eT
   108 
140  
4 4 2 22e H O M H O O M
      29 1.52.49 10 eT
   108 
141  
3 2e H O M H O H M
      29 1.52.49 10 eT
   108 
142  
5 2 22e H O M H O H M
      29 1.52.49 10 eT
   108 
143  
7 3 23e H O M H O H M
      29 1.52.49 10 eT
   108 
144  
9 4 24e H O M H O H M
      29 1.52.49 10 eT
   108 
145  
11 5 25e H O M H O H M
      29 1.52.49 10 eT
   108 
146  
13 6 26e H O M H O H M
      29 1.52.49 10 eT
   108 
147  
15 7 27e H O M H O H M
      29 1.52.49 10 eT
   108 
148  
e Ar M Ar M     29 1.52.49 10 eT
   81 
149   42e Ar M Ar S Ar M      29 1.52.49 10 eT    102 
150  
e ArH M Ar H M      29 1.52.49 10 eT
   81 
151   42e Ar Ar S e    27 4.57.18 10 eT    103 
152  
2e Ar Ar e    277 10   101 
153  
2e H H e    27 4.58.8 10 eT
    104 
154  
2e O O e    27 4.55.12 10 eT
   64 
155  
2 22e O O e
    27 4.57.18 10 eT
   108 
156  
4 22 2e O O e
    27 4.57.18 10 eT
   108 
157  
6 22 3e O O e
    27 4.57.18 10 eT
   108e 
158  
5 2 22 2e H O H O H e
     27 4.55 10 eT
   96 
159  
4 2 22e H O H O OH H e
      27 4.55 10 eT
   96 
160  
2 3 2 22e H O H O O e
     27 4.55 10 eT
   96 
161  
4 4 2 22 2e H O H O O e
     27 4.55 10 eT
   121 
 18 
162  
7 3 22 3e H O H O H e
     27 4.55 10 eT
   i 
163  
9 4 22 4e H O H O H e
     27 4.55 10 eT
   i 
164  
11 5 22 5e H O H O H e
     27 4.55 10 eT
   i 
Ion-ion recombination (Two-body reactions) 
165  
Ar O O Ar     72.7 10   105 
166  
2 2Ar O O Ar
     7 0.5( / 300)2 10 gT
   
 103 
167  
3 3Ar O O Ar
     7 1(0 0 )1 02 / 3gT
   
 108 
168  
2ArH H H Ar
     
71 10   108 
169  
2ArH OH H O Ar
     
71 10   108 
170  
ArH O OH Ar     71 10   108 
171  
2 2ArH O HO Ar
     
71 10   108 
172  
2 2Ar H H Ar
     
71 10   108 
173  
2 2Ar O O Ar
     
71 10   108 
174  
2 2Ar OH OH Ar
     
71 10   108 
175  
2 2 2 2Ar O O Ar
     
71 10   108 
176  
2 3 3 2Ar O O Ar
     
71 10   108 
177  
2 2H H H H
     
7 0.5( / 300)2 10 gT
   
 106 
178  
3 22H H H
    
7 0.5( / 300)2 10 gT
   
 107 
179  
H O H O     7 0.5(2.3 10 / 300)gT
  
 87 
180  
2 2H O H O
     
7 0.5( / 300)2 10 gT
   
 108 
181  
2H OH H O
    
7 0.5( / 300)2 10 gT
   
 108 
182  
O H H O     7 0.5( / 300)2 10 gT
   
 108 
183  
2 2O H H O
    
7 0.5( / 300)2 10 gT
   
 108 
184  
2O O O    7 0.5( / 300)2 10 gT
   
 64 
185   1O O O O D     10 0.5(4.9 10 / 300)gT    78 
186  
2 2O O O O
     
7 0.5( / 300)2 10 gT
   
 93 
187  
4 22O O O O
     
71 10   108 
188  
2O OH HO
    
7 0.5( / 300)2 10 gT
   
 108 
189  
2 2O H HO
    
7 0.5( / 300)2 10 gT
   
 108 
190  
2 2 2 2O H H O
     
7 0.5( / 300)2 10 gT
   
 108 
191  
2 2O O O O
     
7 0.5(2.7 10 / 300)gT
  
 79 
192  
2 2 22O O O
    
7 0.5( / 300)2 10 gT
   
 79,9
3 
 19 
193  
2 2 2 2O O O O
     
7 0.5(1.01 1 )0 / 300gT
  
 79 
194  
2 4 23O O O
    
71 10   108 
195  
2 2O OH OH O
     
7 0.5( / 300)2 10 gT
   
 108 
196  
3 3O O O O
     
7 0.5(2.7 10 / 300)gT
  
 64 
197  
3 2 3 2O O O O
     
71 10   64 
198  
3 2 3 2O O O O
     
7 0.5( / 300)2 10 gT
   
 108 
199  
3 4 23O O O O
     
71 10   108 
200  
2 2OH H H O H
     
71 10   108 
201  
3 2 2OH H H O H
     
7 0.5( / 300)2 10 gT
   
 108 
202  
2OH O HO
    
7 0.5( / 300)2 10 gT
   
 108 
203  
2 2OH O OH O
     
7 0.5( / 300)2 10 gT
   
 108 
204  
2OH OH OH    7 0.5( / 300)2 10 gT
   
 108 
205  
2 2H O H H OH
     
7 0.5( / 300)2 10 gT
   
 108 
206  
2 2H O H H H O
     
7 0.5( / 300)2 10 gT
   
 108 
207  
2 2   H O O O H O
     
7 0.5( / 300)2 10 gT
   
 108 
208  
2H O O O H OH
      
71 10   108 
209  
2 2 2 2H O O H O O
     
7 0.5( / 300)2 10 gT
   
 108 
210  
2 2 2H O O OH H O
      
71 10   108 
211  
2 2 2 2H O O H O O
     
71 10   108 
212  
2 2  2H O O OH H O
      
71 10   108 
213  
2 3 3 2 H O O O H O
     
7 0.5( / 300)2 10 gT
   
 108 
214  
2 3 2 2  H O O O O H O
      
71 10   108 
215  
2 3 3H O O O H OH
      
71 10   108 
216  
2 3 2  H O O O O H OH
       
71 10   108 
217  
2 2H O OH H O OH
     
7 0.5( / 300)2 10 gT
   
 108 
218  
2 2 H O OH H O H O
      
71 10   108 
219  
2 2H O OH OH H
     
71 10   108 
220  
2 2H O OH H O OH
      
71 10   108 
221  
3 2H O H OH H H
      
7 0.5(2.3 10 / 300)gT
  
 87 
222  
3 2 2H O H H O H
     
7 0.5(2.3 10 / 300)gT
  
 87 
223  
3 2 2H O H H O H
     
71 10   108 
224  
3 2H O O H O OH
     
7 0.5( / 300)2 10 gT
   
 108 
 20 
225  
3 2H O O H O O H
      
71 10   108 
226  
3 2 2 2H O O H O O H
      
71 10   108 
227  
3 3 3 2 H O O O H H O
      
71 10   108 
228  
3 3 2 2  H O O O O H H O
       
71 10   108 
229  
3 22H O OH H O
    
7 0.5( / 300)4 10 gT
   
 109 
230  
3 2H O OH H O H OH
      
71 10   108 
231  
3 2 2H O OH H O H O
      
71 10   108 
232  
2 2HO H HO H
     
7 0.5( / 300)2 10 gT
   
 108 
233  
2 2HO O HO O
     
7 0.5( / 300)2 10 gT
   
 108 
234  
2 2 2 2HO O HO O
     
7 0.5( / 300)2 10 gT
   
 108 
235  
2 2 2 2HO O HO O
     
71 10   108 
236  
2 3 2 3HO O HO O
     
7 0.5( / 300)2 10 gT
   
 108 
237  
2 3 2 2HO O HO O O
      
71 10   108 
238  
2 2HO OH HO OH
     
7 0.5( / 300)2 10 gT
   
 108 
239  
2 2HO OH HO H O
      
71 10   108 
Ion-ion recombination (Two-body reactions)(most clusters) 
240-299  
 
2 2
2 5 2 4 2 2 3 7 3
9 4 11 5 13 6 15 7 2 2
4 4 4 6
2 3
, , , ,
, , , , ,
,  ,
, , , ,
n
n
A H O B nH O A B
A H O H O H O H O H O
H O H O H O H O H O
H O O O
B H OH O O O
 
    
    
  
     
   


 
71 10   108 
300-389  
 
2 2
2 2 3 2
2
2 2 2 2 3 2 4 3 2
5 3 4 4 6 5 4 5 4
, , , , , , ,
, ,
, , , ,
, , , ,
n
n
A B H O nH O A B
A Ar ArH Ar H H H O O
OH HO
B H O H O H O H O H O
H O H O H O H O O
 
        
 
    
    
   


 
71 10   108 
390-501      
 
 
2 2 2
2 5 2 4 2 2 3 7 3
9 4 11 5 13 6 15 7 2 2
4 4 2 2 4 4 4 6
2 2 2 2 3 2 4 3 2 5 3
4 4 6 5 4 5 4
, , , ,
, , , , ,
, , , ,
, , , ,
, , , ,
m n
m
n
A H O B H O m n H O A B
A H O H O H O H O H O
H O H O H O H O H O
H O H O H O O O
B H O H O H O H O H O H O
H O H O H O O
 
    
    
    
     
   
    


71 10   108 
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Ion-ion recombination (There-body reactions) 
502-556 
2 2 3 2
2 2
2 3
, , , , , , ,
, , ,
, , , ,
A B M A B M
A Ar ArH Ar H H H O O
OH HO H O
B H O OH O O
 
        
  
     
    


 
2 2 55 .(0 )2 1 / 300gT
  
 108 
557-621  
 
2 2
2 3 5 2 4 2 2 3
7 3 9 4 11 5 13 6 15 7 2 2
4 4 4 6
2 3
, , , ,
, , , , ,
, ,  ,
, , , ,
n
n
A H O B M nH O A B M
A H O H O H O H O H O
H O H O H O H O H O H O
H O O O
B H OH O O O
 
    
     
  
     
     


 
2 2 55 .(0 )2 1 / 300gT
  
 108 
622-720  
 
2 2
2 2 3 2
2 2
2 2 2 2 3 2 4 3 2
5 3 4 4 6 5 4 5 4
, , , , , , ,
, , ,  
, , , ,
, , , ,
n
n
A B H O M nH O A B M
A Ar ArH Ar H H H O O
OH HO H O
B H O H O H O H O H O
H O H O H O H O O
 
        
  
    
    
     


 
2 2 55 .(0 )2 1 / 300gT
  
 108 
721-837    
 
 
 
2 2
2
2 3 5 2 4 2
2 3 7 3 9 4 11 5 13 6
15 7 2 2 4 4 4 6
2 2 2 2 3 2 4 3 2
5 3 4 4 6 5 4 5 4
, , ,
, , , ,
, , , , ,
, , , ,
, , , ,
m n
m
n
A H O B H O M
m n H O A B M
A H O H O H O H O
H O H O H O H O H O
H O H O H O O O
B H O H O H O H O H O
H O H O H O H O O
 
   
    
    
    
    
  
   


 
2 2 55 .(0 )2 1 / 300gT
  
 108 
Charge transfer(Two-body reactions) 
840  
2Ar H ArH H
     
108.8 10   110 
841  
2 2Ar H H Ar
     
111.78 10   119 
842  
Ar O O Ar     126.4 10   111 
843  
2 2Ar O O Ar
     
11 0.78( /6.3 10 300)gT
  
 112 
844  
2Ar H O ArH OH
     
104.41 10   113 
845  
2 2Ar H O H O Ar
     
91.66 10   119 
846  
2 2Ar H ArH H Ar
      
104.7 10   110 
847  
2 2 2 2Ar O O Ar
     
101.2 10   116 
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848  
2 2Ar H O ArH OH Ar
      
92.0 10   114 
849  
2 2 2 2Ar H O H O Ar
     
91.6 10   115 
850  
2 3ArH H O H O Ar
     
94.5 10   116 
851  
2 3ArH H H Ar
     
103.5 10   72 
852  
2 2ArH O HO Ar
     
106 10   119 
853  
2 2 2H O O O H
     
115.5 10   138 
854  
2 2 2 2H O O H O O
     
103.3 10   93 
855  
2 3H O OH H O O
     
106.9 10   87 
856  
2 2 3H O H O H O OH
     
91.85 10   93 
857  
2 2 3H O H H O H
     
91.3 10   117 
858  
2 2H H O OH H
     
93.8 10   87 
859  
H O O H     10 exp( 237 1 20 / )eT
   
 87 
860  
2 2H O O H
     
92 10   87 
861  
H OH OH H     92.1 10   87 
862  
2 2H H O H O H
     
96.9 10   87 
863  
2 3 22H H H H
     
29 0.5(3.1 10 / 300)gT
  
 107 
864  
2 2H H H H
     
106.39 10   78 
865  
2H O OH H
     
91.5 10   87 
866  
2 2 2 2H O O H
     
108 10   87 
867  
2 2H OH OH H
     
107.6 10   87 
868  
2 2H OH H O H
     
107.6 10   87 
869  
2 2 2 2H H O H O H
     
93.9 10   87 
870  
2 2 3H H O H O H
     
93.4 10   87 
871  
2 2 3H H H H
     
92.1 10   107 
872  
2H Ar ArH H
     
92.1 10   118 
873  
2 2 2H O HO H
     
91.9 10   119 
874  
3 2H O OH H
     
108 10   87 
875  
3 2 2H OH H O H
     
91.3 10   87 
876  
3 2 3 2H H O H O H
     
95.9 10   87 
877  
3 2 2 2H O HO H
     
106.7 10   119 
878  
O H H O     106.8 10   87 
879  
2O H OH H
     
91.62 10   93 
880  
2 2O O O O
     
1 0 51 .(0 )2 1 / 300gT
  
 78 
881  
O OH OH O     103.3 10   138 
 23 
882  
2O OH O H
     
103.6 10   138 
883  
2 2O H O H O O
     
92.6 10   93 
884     12 2O O D O a O     1 0 52 .(0 )1 1 / 300gT    78 
885  
2 2 2 2 2 2O H O H O O
     
91.5 10   119 
886  
2 2OH H H O H
     
91.3 10   138 
887  
2OH O H O
     
107.1 10   87 
888  
2 2OH O OH O
     
103.8 10   93 
889  
2OH OH H O O
     
107 10   138 
890  
2 2OH H O H O OH
     
91.5 10   138 
891  
2 3OH H O H O O
     
91.3 10   119 
892   44 2O Ar S O O O Ar       101 10   ab 
893  *
4 2 2 2O Ar O O O Ar
       
101 10   ab 
894  
4 2 3O O O O
     
103 10   108 
895   14 2 2O O D O O O      103 10   120 
896   14 2 2O O S O O O      103 10   120 
897  
4 2 2 3 2O H O H O O
     
91.7 10   121 
898  
4 2 2 22O O O O
     
6 4( / 300) exp(3.3 10 5030 / )g gT T
    
 108 
899   4 2 2 22O O a O O
     
101 10   108 
900   4 2 2 22O O b O O
     
101 10   108 
901  
4 2 2O Ar O O Ar
      
173 10   ab 
902  
2 2 3 2HO H H O
     
103.3 10   119 
903  
2 2 2 3 2H O H O H O HO
     
91.7 10   119 
904  
2 3 2 4 2 2H O H O H O O
     
91 10   96 
905  
2 3 2 3 2H O H O H O OH O
      
103 10   122 
906   2 3 2 2 2 2H O O a O O H O
      
101 10   96 
907  
2 3 2 2H O Ar O H O Ar
      
5 4( / 300) exp1.24 10 ( 7610 / )g gT T
   
 124 
908  
4 2 2 5 2H O H O H O OH
     
91.4 10   96 
909   44 4 22H O Ar S H O O O Ar       101 10   ab 
910  *
4 4 2 22 2H O Ar H O O O Ar
       
101 10   ab 
911  
4 4 2 5 2 2H O H O H O OH O
      
116.3 10   123 
912  
5 2 3 2H O Ar H O H O Ar
      
156.3 10   133 
913  
7 3 5 2 2H O Ar H O H O Ar
      
151.1 10   133 
 24 
914  
9 4 7 3 2H O Ar H O H O Ar
      
161.8 10   133 
915  
11 5 9 4 2H O Ar H O H O Ar
      
151.4 10   133 
916  
11 5 2 13 6H O H O H O
    
10 0.5( ( / 307.28 10 2.54 0.620) )gT
      
 124 
917  
13 6 11 5 2H O H O H O
    
14 0.5( ( / 36.07 10 2.54 0.62
exp( 5000 /
00) )
)g
g
T
T    
 
 
 124 
918  
13 6 2 15 7H O H O H O
    
10 0.5( ( / 307.18 10 2.54 0.620) )gT
      
 124 
919  
15 7 13 6 2H O H O H O
    
14 0.5( ( / 37.33 10 2.54 0.62
exp( 5000 /
00) )
)g
g
T
T 

 
 
 124 
920  
3 3O O O O
     
1 0.50 ( / 31.99 10 00)gT
  
 64 
921  
2O H OH H
     
113 10   87 
922   2 2O O a O O
     
11 0.5(1.1 10 / 300)gT
  
 78 
923  
2O H O OH OH
     
91.4 10   125 
924  
2 3 3 2O O O O
     
1 0 50 .(0 )6 1 / 300gT
  
 64 
925  
2 2O OH OH O
     
101 10   126 
926  
2 2O O O O
     
10 0.5(1.5 10 / 300)gT
  
 64 
927   43 2O Ar S O O Ar e       103 10   ab 
928  *
3 2 2 2O Ar O O Ar e
       
103 10   ab 
929  
3 22O O O e
     
111 10   120 
930   13 2O O D O O O      101 10   120 
931   13 3O O S O O e      101 10   120 
932   13 2O O S O O O      101 10   120 
933   13 2 2O O S O O     101 10   120 
934   3 2 22O O b O O
     
101 10   120 
935  
3 2 2O O O O
     
10 0.5(2.5 10 / 300)gT
  
 64 
936  
3 2O H OH O
     
108.4 10   127 
937  
2 2 4 22O O O O
     
3 11(3 / 305 0 01 ). gT
   
 120 
938   4 2 23O O b O e
     
101 10   120 
939  
4 2 2O M O O M
      
10 exp( 1041 1 40 / )gT
   
 108 
940  
4 3 2O O O O
     
104 10   108 
941  
4 22O O O O
     
104 10   108 
942   14 2 2O O D O O O      101 10   120 
 25 
943   14 22O O S O O     101 10   120 
944   4 2 2 22O O a O O
     
101 10   108 
945   4 2 2 22O O b O O
     
101 10   108 
946  
4 3 3 22O O O O
     
103 10   120 
947  
4 2 2 3 2O H O H O O
     
91.5 10   128 
948  
3 3OH O OH O
     
1 0 50 .(0 )9 1 / 300gT
  
 93 
949  
2 2 2 3 2H O O O H O
     
111 10   129 
950  
2 2 2 3 2H O H O H O OH
     
102 10   128 
951  
2 3 3 3 2 2H O O O O H O
      
108 10   129 
952   2 3 2 2 2 2H O O a O O H O
      
101 10   120 
953   2 3 2 2 2 2H O O b O O H O
      
101 10   120 
954   12 3 2 2H O O D O O H O      101 10   120 
955   12 3 2 2H O O S O O H O      101 10   120 
956  
4 4 2 3 2H O M H O H O M
      
141.1 10   129 
957  
4 4 3 2 4 2 2H O O H O H O O
      
107.8 10   129 
958  
6 5 4 4 2H O M H O H O M
      
161.3 10   128 
959  
6 5 3 4 5 2 2H O O H O H O O
      
106.4 10   128 
Charge transfer(There-body reactions) 
960  
22Ar Ar Ar Ar
     
312.25 10   130 
961  
2H H M H M
      
341 10   131 
962  
2 3H H M H M
      
291.5 10   ab 
963  
2O O M O M
      
2 0 59 .(0 )1 1 / 300gT
  
 64 
964  
2 2 2 3O H O M H O M
      
282 10   132 
965  
2 2 4 22O O O O
     
30 3.2(2.4 10 / 300)gT
  
 108 
966  
2 2 4O O Ar O Ar
      
31 3.1(5.1 10 / 300)gT
  
 ab 
967  
4 2 6O O M O M
      
327 10   123f 
968  
2 3 2 4 4H O H O M H O M
      
271.3 10   121 
969  
3 2 5 2H O H O M H O M
      
281.9 10   133 
970  
5 2 2 7 3  H O H O M H O M
      
298.4 10   133 
971  
7 3 2 9 4  H O H O M H O M
      
293 10   133 
972  
2 3O O M O M
      
3 10 (1 / 301 0 01 ). gT
   
 120 
973  
2 2 2O H O M H O M
      
281.3 10   ab 
 26 
974  
2 2 2 3O H O M H O M
      
28 1(3 0 01 / 30 )gT
   
 120 
975  
2 2 4O O M O M
      
3 11(3 / 305 0 01 ). gT
   
 ab 
976  
3 2 2 4O H O M H O M
      
282.7 10   129 
977  
2 3 2OH H O M H O M
      
282.5 10   ab 
978  
2 4 2 4 5H O H O M H O M
      
281 10   134 
979  
3 2 2 5 3H O H O M H O M
      
283.5 10   ab 
980  
4 4 2 6 5H O H O M H O M
      
318.3 10   123 
981  
9 4 2 11 5H O H O M H O M
      
307.4 10   133 
Collisional detachment 
982  
2H H H e
     
91.3 10   87 
983  
H O OH e     91 10   87 
984  
2 2H O HO e
     
91.2 10   135 
985  
2H OH H O e
     
101 10   87 
986   4  H Ar S Ar H e      101 10   z 
987   4  H Ar P Ar H e      101 10   t 
988  *
2 2H Ar Ar H e
      
101 10   z 
989  
O H OH e     105 10   87 
990  
2 2O H H O e
     
0 0.241 ( / 300)6 10 gT
  
 136 
991  
2O O O e
     
1 0 50 .(0 )2 1 / 300gT
  
 64 
992   2 2O O b O O e
      
10 0.5(6.9 10 / 300)gT
  
 64 
993  
2 2 2O H O H O e
     
135 10   137 
994   2 3O O a O e
     
1 0 50 .(0 )3 1 / 300gT
  
 64 
995  
2 3O O O e
     
1 0 55 .(0 )5 1 / 300gT
  
 64 
996  
3 22O O O e
     
1 0.50 ( / 33.01 10 00)gT
  
 64 
997  
3 2 2O O O O
     
1 0.51( / 31.02 10 00)gT
  
 64 
998  
O Ar Ar O e      18 0.6(2.5 10 / 300)gT
  
 ab 
999   4  O Ar S Ar O e      103 10   ab 
1000   4  O Ar P Ar O e      103 10   t 
1001  *
2O Ar Ar Ar O e
       
103 10   ab 
1002  
2 2O H HO e
     
91.5 10   91 
1003  
2 2 22O O O e
     
10 exp(2.7 10 55 /0 )9 gT
   
 138 
1004   2 2 22O O b O e
     
103.6 10   93 
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1005   2 2 22O O a O e
     
1 0 50 .(0 )2 1 / 300gT
  
 64 
1006  
2 2 2 2O H O O H O e
      
9 exp(5 10 5000 / )gT
   
 93 
1007  
2 3O O O e
     
10 0.5(1.5 10 / 300)gT
  
 64 
1008   42 2 O Ar S Ar O e      103 10   ab 
1009   42 2 O Ar P Ar O e      103 10   t 
1010  *
2 2 22O Ar Ar O e
      
103 10   ab 
1011  
2 2O Ar Ar O e
      
10 exp(3.9 10 74 /0 )0 gT
   
 ab 
1012   43 2 O Ar S Ar O O e       101 10   z 
1013   43 2 O Ar P Ar O O e       101 10   t 
1014  *
3 2 22O Ar Ar O O e
       
101 10   z 
1015  
2OH H H O e
     
91.8 10   91 
1016  
2OH O HO e
     
102 10   91 
1017  OH Ar Ar OH e      9 exp(2 10 240 / )30 gT
   
 ab 
1018   4  OH Ar S Ar OH e      101 10   z 
1019   4  OH Ar P Ar OH e      101 10   t 
1020  *
2 2OH Ar Ar OH e
      
101 10   z 
1021   44 22O Ar S O Ar e      101 10   ab 
1022   44 22O Ar P O Ar e      101 10   t 
1023  *
4 2 22 2O Ar O Ar e
      
101 10   ab 
1024   14 22O O D O O e      101 10   120 
1025   14 22O O S O O e      101 10   120 
1026   42 3 2 2H O Ar S Ar H O O e       101 10   ab 
1027   42 3 2 2H O Ar P Ar H O O e       101 10   t 
1028  *
2 3 2 2 22H O Ar Ar H O O e
       
101 10   ab 
1029  
2 3 2 2H O H HO H O e
      
108 10   129 
1030   2 3 2 2 22H O O b O H O e
      
101 10   120 
1031   12 3 2 2H O O D O O H O e       101 10   120 
1032   12 3 2 2H O O S O O H O e       101 10   120 
1033   42 4 2 3H O Ar S Ar H O O e       101 10   120 
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1034   42 4 2 3H O Ar P Ar H O O e       101 10   t 
1035  *
2 4 2 2 32H O Ar Ar H O O e
       
101 10   120 
1036   42 2 2 H O Ar S Ar H O O e       101 10   z 
1037   42 2 2 H O Ar P Ar H O O e       101 10   t 
1038  *
2 2 2 22H O Ar Ar H O O e
       
101 10   z 
1039   43 2 2 H O Ar S Ar H O OH e       101 10   z 
1040   43 2 2 H O Ar P Ar H O OH e       101 10   t 
1041  *
3 2 2 22H O Ar Ar H O OH e
       
101 10   z 
1042  
5 3 23H O H H O e
     
103 10   139 
1043   45 3 2 2H O Ar S Ar H O OH e       101 10   z 
1044   45 3 2 2H O Ar P Ar H O OH e       101 10   t 
1045  *
5 3 2 22 2H O Ar Ar H O OH e
       
101 10   z 
1046  
4 4 2 22H O H H O HO e
      
103 10   139 
1047   44 4 2 2 2H O Ar S Ar H O O e       101 10   z 
1048   44 4 2 2 2H O Ar P Ar H O O e       101 10   t 
1049  *
4 4 2 2 22 2H O Ar Ar H O O e
       
101 10   z 
1050   46 5 2 2 3H O Ar S Ar H O O e       101 10   z 
1051   46 5 2 2 3H O Ar P Ar H O O e       101 10   t 
1052  *
6 5 2 2 22 3H O Ar Ar H O O e
       
101 10   z 
1053   44 5 2 3 2H O Ar S Ar H O O e       101 10   z 
1054   44 5 2 3 2H O Ar P Ar H O O e       101 10   t 
1055  *
4 5 2 2 32 2H O Ar Ar H O O e
       
101 10   z 
Collisional relaxation 
1056   1O D Ar O Ar    135 10   140 
1057   1 2O D O O   128 10   64 
1058   1 2 2O D O O O    12 exp(4.8 10 67 / )gT   64 
1059   1 2 2O D H O O H O    111.2 10   141 
1060   1O D H OH   3 12 (4.36 0 01 / 3 0)gT    u 
1061   1 2O D H OH H    101.1 10   93 
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1062   1 2 2O D H O OH   10 exp(641.62 10 .95 / )gT   169 
1063   1 2 2 2O D H O H O    122.2 10   141 
1064   1 3 22O D O O   101.2 10   169 
1065   1 3 22O D O O O    101.2 10   169 
1066   1 2 2O D HO OH O    11 exp(22.9 10 00 / )gT   v 
1067   1 2 2 2 2O D H O H O O    105.2 10   93 
1068   1 2O D OH H O    0.1 18612. ( / 300) exp( 11 51 3.9 / )0 g gT T  
 
 W 
1069   1 2O S OH H O    0.1 18612. ( / 300) exp( 11 51 3.9 / )0 g gT T  
 
 w 
1070     1 1O S O O D O    11 exp( 305 1 10 / )gT    93 
1071   1 2O S O O   11 exp( 300 / )3.33 10 gT    64 
1072   1 2 2O S O O O    12 exp(4.3 1 80 50 / )gT    93 
1073     1 12 2O S O O D O    12 exp(3.2 1 80 50 / )gT    64 
1074     1 12 2O S H O O D H O    101.5 10   50 
1075   1 2 2O S H O O H O    114.5 10   50 
1076     1 1O S Ar O D Ar    175 10   142 
1077   1 2O S H OH H    162.6 10   143 
1078   1O S H OH   3 12 (4.36 0 01 / 3 0)gT    u 
1079   1 3 22O S O O   104.63 10   169 
1080   1 2 2O S H O OH   103 10   50 
1081   1 2 2 2O S H O H O    122.2 10   50 
1082   1 2 2O S HO OH O    11 exp(22.9 10 00 / )gT   v 
1083   1 2 2 2 2O S H O H O O    105.2 10   x 
1084   2 2O a Ar Ar O    18 exp( 203 1 00 / )gT
   
 30 
1085   2 2 2 2O a H H O    181.5 10   169 
1086   2 2O a O O O    167 10   93 
1087   2 2 22O a O O   18 0.8(2.2 10 / 300)gT
  
 93 
1088   2 2 2 2O a HO HO O    111.66 10   144 
 30 
1089   2 2 2 2O a H O H O O    183 10   169 
1090   2O a H OH O    13 exp( 1550 / )1.83 10 gT
   
 138 
1091   2 3 22O a O O O    11 exp(5.2 10 2840 / )gT
   
 169 
1092   2 2 3O a O O O    212.96 10   169 
1093   2 2 22O b O O   1 0 58 .(0 )4 1 / 300gT
  
 64 
1094     2 2 2 2O b O O a O    17 0.5(3.6 10 / 300)gT
  
 64 
1095     2 2O b Ar Ar O a    171 10   145 
1096   2 2 2 2O b H H O    181.5 10   y 
1097   2 2O b O O O    1 0 55 .(0 )8 1 / 300gT
  
 64 
1098     2 2O b O O a O    14 0.5(7.2 10 / 300)gT
  
 64 
1099   2 2 2 2O b HO HO O    111.66 10   o 
1100   2 2 2 2O b H O H O O    183 10   93 
1101     2 2 2 2O b H O H O O a    12 exp4.52 1 (8 )0 9 / gT
  
 51 
1102     2 3 2 3O b O O a O    1 0.52 ( / 37.33 10 00)gT
  
 64 
1103   2 3 2 3O b O O O    1 0.52 ( / 37.33 10 00)gT
  
 64 
1104   2 3 22O b O O O    1 0.52 ( / 37.33 10 00)gT
  
 64 
1105   2O b H OH O    13 exp( 1550 / )1.83 10 gT
   
 c 
1106   OH A Ar Ar OH    131 10   146 
1107    2 2OH A O O OH    11 0.5(7.5 10 / 300)gT
  
 147 
1108    2 2OH A H O H O OH    10 0.5(4.9 10 / 300)gT
  
 147 
1109    2OH A H H O    10 0.5(5.8 10 / 300)gT
  
 147 
1110    2OH A H H O   3 21(6.87 0 01 / 3 0)gT
   
 g 
1111    2OH A O H O    11 0.5(4.3 10 / 300)gT
  
 147 
1112    2 2OH A H H H O    10 0.5(1.3 10 / 300)gT
  
 147 
1113    2OH A OH H O O    11 .1421.6 ( / 300) exp( 50.0310 / )5 g gT T
   
 h 
1114    2 2OH A OH H O   11 0.37( /1.5 10 300)gT
  
 148 
1115    2 2 2 2OH A H O H O HO    102.93 10   149 
1116  *
2 2Ar M Ar M    
151.5 10   ab 
1117  *
2 2 2 2Ar H H Ar    
116 10   m 
1118  *
2 2 2 2Ar O O Ar    
115.8 10   n 
1119  *
2 2 2Ar H O Ar H OH     
91.4 10   150 
1120  *
2 2 2 2 2Ar H O OH Ar    
104.5 10   150 
 31 
1121  *
2Ar OH Ar Ar O H      
116.6 10   30 
1122  *
2 3 2 2Ar O O O Ar     
115.8 10   p 
1123   4 2 2Ar S O O Ar    91.12 10   151 
1124   4 2 2Ar S H Ar H    116 10   152 
1125   4 2 2Ar S O O Ar    115.8 10   153 
1126   4 3 2Ar S O O O Ar     115.8 10   118 
1127   4 2Ar S H O Ar OH H     103.312 10   154 
1128   4 2 2 2Ar S H O Ar OH    103.312 10   l 
1129   4 2Ar S Ar Ar   152.09 10   155 
1130   4 *22Ar P Ar Ar Ar    321.2 10   145 
1131   4 2Ar P Ar Ar   111 10   156 
1132   4 2 2Ar P O Ar O    102.96 10   157 
1133   4 2 2Ar P H Ar H    116 10   168 
1134   4 2 2 2Ar P H O OH Ar    104.5 10   168 
1135   4 2Ar P H O OH H Ar     103.312 10   168 
1136   4 3 2Ar P O Ar O O     115.8 10   150 
Penning ionization 
1137   42Ar S Ar Ar e    1 0 50 .(0 )5 1 / 300gT   158 
1138   4 *2 2Ar S Ar Ar Ar e     105 10   ab 
1139   4 *2 2Ar S Ar Ar Ar e     1 0 50 .(0 )7 1 / 300gT   85 
1140  *
2 22 2Ar Ar Ar e
    
1 0 50 .(0 )7 1 / 300gT
  
 85 
1141   4 *2 2Ar P Ar Ar Ar e     105 10   30 
1142   4 *2Ar P Ar Ar Ar Ar e      105 10   30 
1143     4 4  Ar P Ar S Ar Ar e     105 10   30 
1144   42Ar P Ar Ar e    105 10   159 
Radiation 
1145   1O D O hv   35 10   93 
1146     1 1O S O D hv   1.34   93 
1147   2 2O a O hv   42.7 10   160 
 32 
1148   2 2O b O hv   28.3 10   161 
1149   OH A OH hv   61.25 10   162 
1150  *
2 2Ar Ar hv   
53.5 10   163 
1151   4Ar P Ar hv   73.2 10   164 
Others reactions for neutral species 
1152  
22Ar H Ar H    3 13(6.04 0 01 / 3 0)gT
   
 q 
1153  Ar H O Ar OH     3 13(3 / 302 0 01 ). gT
   
 ab 
1154  
2 2Ar H O Ar HO     3 0 82 .(0 )2 1 / 300gT
  
 ab 
1155  
2Ar H OH Ar H O     3 1.180( / 300) ex1.48 10 p( 312 / )g gT T
   
 165 
1156  
22Ar O Ar O    34 exp(64.5 10 30 / )gT
  
 166 
1157   22Ar O Ar O a    359.88 10   ab 
1158   4 *22Ar S Ar Ar Ar    321.1 10   118 
1159     4 2Ar S H O Ar H OH A     101.488 10   167 
1160     4 12Ar P O Ar O O D     103.34 10   168 
1161     4 2Ar P H O OH A H Ar     101 10   168 
1162   * 42Ar M Ar S Ar M     142 10   30 
1163  
22H H  3 13(6.04 0 01 / 3 0)gT
   
 169 
1164  H O OH   3 12 (4.36 0 01 / 3 0)gT
   
 169 
1165  
2H O OH O    10 exp( 7470 / )1.62 10 gT
   
 169 
1166  
2 2H O HO   32 1.8(5.4 10 / 300)gT
  
 169 
1167  
2H OH H O    1 2.84( / 300) exp(6.86 10 1950 / )g gT T
   
 169 
1168  
2H OH H O   3 21(6.87 0 01 / 3 0)gT
   
 169 
1169  
2 2H HO H O O    11 exp(9.18 1 9710 .9 / )gT
   
 93 
1170   12 2H HO H O O D    1 1.552( / 300) exp(3.29 10 80.58 / )g gT T   169 
1171  
2 2 2H HO H O    01 .559812.57 ( / 300) exp( 346 )10 /g gT T
   
 93 
1172   2 2 2H HO H O a    1 1.632( / 300) exp(2.96 10 2000 / )g gT T
   
 169 
1173  
2 2H HO OH   10 exp(2.35 1 3730 .7 / )gT
   
 93 
1174  
2 2 2 2H H O H HO    11 exp( 4008 1 00 / )gT
   
 93 
1175  
2 2 2H H O H O OH    11 exp( 2004 1 00 / )gT
   
 93 
1176  
2 2H H O H OH    1 1.62( / 300) exp(6.82 10 9720 / )g gT T
   
 169 
1177  
3 2H O OH O    11 0.75( /2.72 10 300)gT
  
 169 
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1178  
3 2H O O HO    137.51 10   169 
1179  
2H O OH H    1 12( / 300) exp( 49 1 48 /0 0 )g gT T
   
 93 
1180  
2 2H OH H H O    1 1.472( / 300) exp(2.31 10 1761/ )g gT T
   
 93 
1181  
2 2 2 2H HO H O H    11 exp( 13115 10 0 / )gT
   
 169 
1182  
2 2 2H H O OH H H     9 exp( 525.8 10 900 / )gT
   
 87 
1183  
22O O  3 14 (9.26 0 01 / 3 0)gT
   
 169 
1184  
2O OH H O    0.1 18612. ( / 300) exp( 11 51 3.9 / )0 g gT T
  
 
 93 
1185  
2 2O HO OH O    11 exp(22.9 10 00 / )gT
  
 93 
1186  
2 2 2O H O OH HO    1 2.923( / 300) exp(1.79 10 1294 / )g gT T
   
 93 
1187  
2 2O H O OH   1 1.141( / 300) exp(1.66 10 8624 / )g gT T
   
 138 
1188  
2 2O H O HO H    621.86 10   169 
1189  
2 2 2O H O O H    621.86 10   169 
1190  
3 22O O O   12 exp( 2068 1 00 / )gT
   
 169 
1191     12 2O O D O O b    11 exp2.56 1 (6 )0 7 / gT   64,93 
1192     12 2O O D O O a    12 exp(1.6 10 67 / )gT   64 
1193  
2 2 2 22O H O HO   11 exp( 19969 10 5 / )gT
   
 169 
1194  
2 2 2O H O HO OH    12 exp(7.72 1 3720 84 / )gT
   
 169 
1195  
3 2O M O O M     9 exp( 11490 / )1.56 10 gT
   
 64 
1196  
22OH H O O   11 .1421.6 ( / 300) exp( 50.0310 / )5 g gT T
   
 169 
1197  
2 2 2OH HO O H O    11 exp(114.38 10 0.9 / )gT
  
 93 
1198  
2 2 2 2OH H O H O HO    12 exp(4.53 1 2880 .9 / )gT
   
 93 
1199  
3 2 2OH O HO O    12 exp( 941/ )1.69 10 gT
   
 169 
1200  
2 2HO H O   18 .182.4 ( / 300) exp( 24415 / )1 10 g gT T
  
 
 169 
1201  
2 2 2 2HO H O H O OH    11 exp(4.65 1 1640 77 / )gT
   
 169 
1202  
2 3 22HO O OH O    4.5716( / 300) ex1.97 10 p(693 / )g gT T
  
 169 
1203  
2 2 2H O OH  43 .862.0 ( / 300) exp( 26821/ )3 10 g gT T
  
 
 169 
1204  
23H H H   31 1(6 0 01 / 30 )gT
   
 104 
1205  
2 22 2H H H   33 0.6(8.1 10 / 300)gT
  
 148 
1206  
2 2 22H H O H H O    31 1.25( /1.32 10 300)gT
  
 148 
 34 
1207  
2 2H O H OH H     3 13(9.19 0 01 / 3 0)gT
   
 148 
1208  
2 2H O H O OH H O     3 12 (2.76 0 01 / 3 0)gT
   
 148 
1209  
2 2 2 2H O H HO H     32 0.86( /5.72 10 300)gT
  
 148 
1210  
2 2 2 2H O O HO O     32 0.86( /5.72 10 300)gT
  
 148 
1211  
2 2 2 2H O H O HO H O     31 0.76( /4.08 10 300)gT
  
 148 
1212  
2 2 2H OH H H O H     3 21(4.92 0 01 / 3 0)gT
   
 148 
1213  
2 2 2H OH O H O O     3 21(6.74 0 01 / 3 0)gT
   
 148 
1214  
2 22H OH H O H O    3 20 (2.46 0 01 / 3 0)gT
   
 148 
1215  
23O O O   34 0.63( /9.21 10 300)gT
  
 64 
1216  
2 32O O O O    34 exp(33.4 10 45 / )gT
  
 170 
1217  
2 3 22O O O O    3 2 84 .(0 )6 1 / 300gT
  
 64 
1218  
2 3  O O M O M     34 exp(53.4 10 10 / )gT
  
 171 
1219   23O O O a   35 0.63( /6.93 10 300)gT
  
 64 
1220  
2 2 22O H H O    3 13(2.65 0 01 / 3 0)gT
   
 148 
1221  
2 22 2O O O   33 0.63( /2.65 10 300)gT
  
 64 
1222   2 2 22O O O O a    35 0.63( /1.93 10 300)gT
  
 64 
1223  
2 2 22O H O H O O    3 12 (1 / 307 0 01 ). gT
   
 148 
1224  
2 2 2 22 2OH H O H O   3 0.92( / 3007. ) exp(856 /48 1 )0 g gT T
   
 148 
1225  
2 2 2 22OH O O H O    3 31(6.05 0 01 / 3 0)gT
   
 93 
1226  
2 2 2 22OH H O H O H O    23 .021 1( / 300)1. ex54 10 p(183.6 / )g gT T
  
 93 
1227  
2 22OH Ar H O Ar    31 3.2(6.12 10 / 300)gT
  
 172 
1228  
2 2 2 22HO Ar H O O Ar     323.69 10   173 
af(Te) indicates that the rate coefficient is obtained from EEDF using cross section from indicated reference. 
bRate coefficients have units of cm3 s−1 for two-body reactions and cm6 s−1 for three-body reactions; Te has unitseV; Tg has units K. 
cmomentum transfer cross sections are not well known. Here I took elastic cross sections as the Qel. In ref.1 the cross section data is not 
shown for Te<50eV, I assumed in that range the cross sections are equal to that of 50eV. 
dCross section estimated by shifting and scaling the ground state cross section by the excitation threshold. 
eEstimated same as O4
+ 
fM isEstimated same as O2 
gEstimated same as OH+H→H2O 
hEstimated same as OH+OH→H2O+O 
iEstimated same as 2e+H5O2
+→2H2O+H+e 
jEstimated same as O2(a)+H→OH+O 
kThese two cross sections are not well known. Here I took (Qinel-Qi)/2 as their cross sections.  
lEstimated same as Ar(4S)+H2O→Ar+OH+H 
mEstimated same asAr(4S)+H2→Ar+2H 
nEstimated same as Ar(4S)+O2→2O+Ar 
oEstimated same as O2(a)+HO2→HO2+O2 
pEstimated same as Ar(4S)+O3→O2+O+Ar 
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qEstimated same as 2H→H2 
rEstimated same as e+O2+H2O→O2
-+H2O 
sEstimated same as e+O2+Ar→O2
-+Ar 
tCollisional detachment Ar(4P) coefficient based on Ar(4S) 
uEstimated same as H+O→OH 
vEstimated same as O+HO2→OH+O2 
wEstimated same as O+OH→H+O2 
xEstimated same as O(1D)+H2O2→H2O+O2 
yEstimated same as O2(a)+H2→H2+O2
zEstimated same asH-+OH→H2O +e 
abEstimated same as He 
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